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A Study on the Corrosion and Cathodic Protection
Monitoring for the Reinforced Concrete Structures with
Multi—functional Sensor
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A Study on the Corrosion and Cathodic Protection
Monitoring for the Reinforced Concrete Structures with
Multi—functional Sensor

Gyu Jang Jo

Department of Marine System Engineering

Graduate School of Maritime industrial study, Korea Maritime University

ABSTRACT

The reinforced concrete has been used as a constructive material and it
becomes one of the most frequently wutilized materials due to its
cost—effectiveness and abundance nowadays. Normally, pH of concrete is
12-14 and it is a high alkaline condition. In this environment, steel is not
corroded because compact passive layers are formed in the steel surface.
However, the reinforced concrete structures can suffer severe corrosion
problems. The major factors in corrosion of concrete are oxygen, water,
chloride, and carbon dioxide. Especially, chloride is very critical element on
the corrosion of concrete structures. Chloride acts as a catalyst and destroys
passive layers locally.

To protect corrosion, many advanced methods have been introduced and
applied related to physical, chemical, and electrochemical protection.

However, first of all, checking the initial corrosion and the application of
corrosion monitoring system is desirable. By inspecting inner state regularly, it
1S easy to detect the initial corrosion time and it reduces cost to spend
conservations. Therefore, in this study, three different kinds of corrosion
monitoring sensors(DMS-100, GCM, Corrowatch, and ERE-20 sensors) were

applied to detect corrosion initiation and propagation.
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In addition, many corrosive conditions were simulated to verify the
effectiveness of monitoring sensors. Furthermore, cathodic protection system,
one of the electrochemical protection methods, was monitored with the use of
monitoring sensors. Test factors were corrosion potential, corrosion rate,
galvanic current, protection potential, protection current, and 4 hour
depolarization potential.

Multi—functional sensors were very effect to detect the corrosion and

monitor the cathodic protection and following results were obtained.

1. Corrosion potential was dropped with time and temperature in chloride
conditions. Galvanic current was increased with time and it was not
possible to measure until the potential difference between anode and
cathode was above 150mV. In addition, closed rebar from the surface

of specimen showed high galvanic current

2. Corrosion rate was increased as the amount of chloride rose. In

addition, the high temperature was, the higher corrosion rate obtained.

3. The accuracy of corrosion monitoring could be enhanced, as many test
factors were compared. This is because some critical error can happen

even though monitoring method is very accurate.

4. Cathodic protection(CP) was also monitored with the used of
multi—functional sensors. In this experiment, although sacrificial anode
CP was used, 4 hour depolarization potential was higher than 600mV.
This was thought that specimen was exposed to salt water and porous

mortar was used.
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Fig. 2.4 Freeze and thaw disintegration
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Table 2.2 Expansion rate after reacting calcium sulfate®”

Aluminate hydrate Progiaﬁgii:u%eagflelzgatlvith Expansion rate
C4AH;3 Monosulphate 1.1
C4AH3 Ettringite 2.6
C4AHy9 Monosulphate 0.8
C4AHy Ettringite 19
C3AHg Monosulphate 2.1
C4AHg Ettringite 4.8

Ca(OH); CaS04 2.2
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Fig. 2.5 Disintegration caused by sulfate attack"

,15,



|

Sllicareact  gelformon the Swelling gel cause
with alakll aggregate tensfon and
by water Ingress COmOressive stress

(b) Expansion mechanism

(c) Crack occur

Fig. 2.6 Disintegration caused by alkali-aggregate reaction'

,16,

{)Collection



232 AT TAYEY 34

zage Famgon 47 FARDET FEFN), BHK) W5HEL
Sol o9 3 97 BA) AL, 1 wve A 0~60A F L5
sEtoz Qlahel, $A9IAl Abhsh o] EAFCE BFET Aol 4A 6
itk AW oA REu vzl syse] H4E 5 gl B4l A ¢
ZagEe Ay (olsh AyA)e] 47155 wgo] o3 YA

(1) #4d #¥d F8 94
7h a9 e 435}
Zad e TAse, Q33 ZAYETL W] $o ©@rlbrksel gghste]
pH7} At @S Tair, ol Ho Yed Juhs st RS
2.10)¥ (2112 pH 12~13%1 FAksbzol,
H ekl Ags e 2 M) pH 75~10%0 B4k

Ca(OH); + COz — CaCOs + HyO ~  + wov v o oo e e e (2.10)
Ca(OH); + CO, + HiO —> CaCOs + 2H,O = = = = » + + + + - (2.11)
A3 o7t A JAAA Edehd "ite] Bao] AFHI, Hog <l
Are] Rl of 250 el FAlE 1007H4 B Fack BFY) olae] 2aYE
Wol o]l MAgo sy, A2 RARES Ag), 2aee) w, Az
WA e 7 5o Aol Yol

W) gatEel 9%

ZaE Wil dshEol P He a9e, ZalE uF A AgHE
54 2 FAASA AAR A @ yHA 2w

AA 2 SR Gl Azﬂ 94e gedow 24

,17,



o
e
25

il
gl

El
o

0

Nfo

o

.

e ZaE Wi

S

9l
206 : DE =33 75, pHell #gle] F-58 3

Haussman®©l|

o,

o

b

PN
7E 4 3l

=

Tl o
=

s

J)J
<

2 "1 93)]\]:}_[10*131

-

-

FeCl, — FeZ + 2CI

—
Passive layer l

Gamma Fez03

Cl-

Steel

Fig 2.7 The breakdown of the passive layer and recycling chlorides™”

z‘ﬁ:

%

t}) &&= (Dissolved Oxygen)o

T
4qr

fite)
A
do

el

o] 2(Fe”
Z(cathodic)oll A §=2F7]0]-&(OH ) AH o=

&l

Fig 2.8 #o], &= r(anode)?! AE<-o]

KeX
=

&

17] wjEo] & o]o] ER3iyeln o] A dojilx Pt}

H &% =)
o

Efj ol A

kol (tidal zone)9t H] = th(splash zone)ol 4]

Fig 1.13%}

)

ol

,18,



Fig. 2.8 Dissolved oxygen effect for concrete rebar'
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Table 2.4 Overview of recent corrosion monitoring sensors

Nation Manufacturer Description Application
Korea Conclinic Inc. DMS_IQO CR, CP, GC, RE, TE
(Corrosion Spy)
Korea KSMI Corrosion thin film
Sensor
Germany S+R Sensortec Anodef.L addgr CP, GC, RE, TE
Expansion-Ring
IéiRPPrsbe CR, CP, RE, TE
Britain BGB Projects Ltd. robe
Retro-Fit Probe | CR, CP
CorroWatch GC
Denmark Force Technology | CorroRisk CP, GC
ERE-20 CP
US Virginia ECI-1. CR, CP, RE, TE, CC
Technologies Inc.
CP100 or CP101 | CR, CP
o C-Probe
Britain Technologies Ltd. CP200 CR, CP
CP&0 cC
Denmark /US | German Instruments IC(érzr(ﬁi s Mgk
o CAPCIS Systems | M3 Probe
Britain Lid. C4 Probe CR, CP, GC, RE, TE, CH
University of Research
Us Texas at Austin Prototype
yp *egend
Uus SRI International Smart Pebble 1) CR; Corrosion Rate
Johns Hopkins S 2) CP; Corrosion Potential
US University -Applied Amart . 3) GC; Galvanic Current
Physics Lab. geregate 4) RE; concrete REsistivity
University of Research 5) TE TEmperature
Canada 6) CC; Chloride
Waterloo Prototype )
— Concentration
General Building . 7) CH; Concrete Humidity
Japan Research Minisensor
Corporation
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Fig. 2.12 Schematic formation of sacrificial anode cathodic

protection with Zn-mesh
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Fig. 3.2 Schematic drawing of GCM sensor

Fig. 3.3 Entire view of specimen
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‘ GCM sensor

Fig. 3.4 Arrangement of GCM & DMS-100 sensor

1 CorroWatch

Fig. 3.5 Arrangement of GCM, CorroWatch, ERE-20,

diode sensors
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Fig. 3.7 View of specimens inside of thermo-hygrostat
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Table. 3.1 Environment of experiments

5% A, 15% 9
Arhehe o g

A ZF5te] oF 400471
2 10T, 55T, 002 BoiA 2gaan.

9] 4714

=4

Temp. Environment Sensor Code
Air DMS-100 & GCM Case 1
3% salt water GCM, ERE-20 & CorroWatch Case 2
. 5% salt water DMS-100 & GCM Case 3
15% salt water DMS-100 & GCM Case 4
3% salt water, ICCP DMS-100 & GCM Case b
3% salt water, SACP DMS-100 & GCM Case 6
Air DMS-100 & GCM Case 7
3% salt water GCM, ERE-20 & CorroWatch Case 8
10°C 5% salt water DMS-100 & GCM Case 9
159 salt water DMS-100 & GCM Case 10
3% salt water, ICCP DMS-100 & GCM Case 11
3% salt water, SACP DMS-100 & GCM Case 12
Air DMS-100 & GCM Case 13
3% salt water GCM, ERE-20 & CorroWatch Case 14
o5 5% salt water DMS-100 & GCM Case 15
15% salt water DMS-100 & GCM Case 16
3% salt water, ICCP DMS-100 & GCM Case 17
3% salt water, SACP DMS-100 & GCM Case 18
Air DMS-100 & GCM Case 19
3% salt water GCM, ERE-20 & CorroWatch Case 20
10 5% salt water DMS-100 & GCM Case 21
15% salt water DMS-100 & GCM Case 22
3% salt water, ICCP DMS-100 & GCM Case 23
3% salt water, SACP DMS-100 & GCM Case 24
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(a) Temperature & humidity chamber

(c) Potentiost(reference 600)
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.
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(e) Ag/AgCl reference electrode (f) Multi power supplier(CR-1212)

Fig. 3.8 View of experiments
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Fig. 3.9 View of power supplier & measuring

experiment for ICCP
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0
yl

Lor < 0.1 uA/cm?
0.1 < I < 05 pA/cm?
0.5 < Lor < 1 pA/cm?

Lor> 1 nA/cm’

Corrosion rate(I.ox)

Table 3.2 The probability of corrosion by corrosion rate™
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Table 3.3 Galvanic series for seawater®

Platinum
Gold
Graphite
Titanium

Silver

) [Chlorimet 3(62 Ni, 18 Cr, 18 Mo)
Increasingly inert Hastelloy C(62 Ni, 17 Cr, 15 Mo)
(cathodic) — 18-8 Mo stainless steel(passive)
Chromium stainless steel 11-30% Cr(passive)
[Inconel(passive) (80 Ni, 13 Cr, 7Fe)
Nickel(passive)
Silver solder
Monel(70 Ni, 30 Cu)
Cupronickels(60-90 Cu, 40-10 Ni)
Bronzes(Cu-Sn)
Copper
Brasses(Cu-Zn)
[Chlorimet 2(66 Ni, 32 Mo, 1 Fe)
Hastelloy B(60 Ni 30 Mo, 6 Fe, 1 Mn)
[ Inconel(active)
Nickel(active)
Tin
Lead

Lead-tin solders

[18*8 Mo stainless steel(active)
18-8 stainless steel(avtive)
Ni-Resist(high Ni cast iron)

Increasingly active Chrominum stainless steel, 12% Cr(active)

(anodic) Cast iron
! Steel or iron
2024 aluminum(4.5 Cu, 1.5 Mg, 0.6 Mn)
Cadmium

Commercially pure aluminum(1100)

Zinc

Magnesium and magnesium alloys
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(a) 4-probe technique (b) 2-probe technique

Fig. 3.12 Concrete resistivity measurements(Wenner technique)®!

Table 3.4 The probability of corrosion by concrete resistivity™

Method | Concrete resistivity Corrosiveness
. Can'’t distinguish between active
> 100 k&-cm and passive steel
2 probe 50 ~ 100 kQ-cm Low corrosion rate
_ . Moderate to high corrosion where
method 10 50 k&-cm steel is active
< 10 kQ-cm Resistivity is not the controlling parameter
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Fig. 4.11 Variations of 4 hour depolarization potential with cover thickness
in 3wt% salt water for SACP & ICCP systems
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